Understanding the extent to which humans perceive the emotional state of animals has both 20 theoretical and practical implications. While recent studies indicate that natural selection has 21 led to some convergence of emotion coding among vertebrate species (including humans), 22
INTRODUCTION

40
By allowing to sense others' needs and respond in an appropriate manner, emotional 41 recognition is a social facilitator in both humans and animals (Laukka & Juslin, 2005; 42 Packard & Delafield-Butt, 2014) . Deciphering how animals communicate their emotions is 43 thus critical for understanding their social interactions. Since Darwin's book "The Expression 44 of the Emotions in Man and Animal" (Darwin, 1872) , many studies have explored the 45 assumption that natural selection has led to convergences of emotion coding among animal 46 species, conferring an interspecific value to emotional signals (Morton 1977; Panksepp 2005; 47 harsher vocalizations with more energy in the higher part of frequency spectrum and a more 74 pronounced frequency modulation (Blumstein & Recapet, 2009; Fichtel & Hammerschmidt, 75 2002) . These acoustic correlates follow Morton's "motivation-structural" rules hypothesis 76 (Morton, 1977) stating that the physical structure of vocalizations converged between species 77 in response to identical natural selection constraints. 78
Distress is a negative emotion of variable arousal, from anxiety to panic fear 79 (Goudbeek & Scherer, 2010) , and its expression can have a high survival value, e.g. in the 80 context of parent-offspring communication. The expression of distress in infant vocalizations 81 has retained the attention of several studies (Wood & Gustafson, 2001; Lingle et al., 2012; 82 Newman, 2007) , and it has been demonstrated that distress calls (e.g. the "cries" of human 83 babies) share similar acoustical features across species and elicit functional responses from 84 caregivers (Lingle & Riede, 2014; Newman, 2007) . This shared acoustic coding of distress 85 explains the interspecific response that has been observed in some animals and human 86 listeners when testing individuals with distress vocalizations from infants of another species 87 (e.g. in deer, Lingle & Riede, 2014) . It is however established that such interspecific 88 communication has limitations as species-specific traits can impair listeners' sensitivity to the 89 distress information embedded in the vocalizations. For instance, female deer (Odocoileus 90 hemionus and Odocoileus virginianus) do not respond to newborn distress calls of other 91 species if the fundamental frequency (the "pitch") is outside the deer's "frequency response 92 range", i.e., approximately ± 50% of the mean pitch of a conspecific infant's distress call 93 (Lingle & Riede, 2014; Teichroeb et al., 2013) . Besides it has been argued that interspecific 94 emotional recognition in humans could be shaped by experience (familiarity with the animal 95 species) more than by universal acoustic coding (Scheumann et al., 2014) . 96
Distress vocalizations in animals and human cries are usually graded according to the 97 level of emotional arousal (Lingle et al., 2012; Briefer, 2012 , Out et al., 2010 , giving 98 caregivers information about the level of urgency experienced by the baby, and thus of 99 primary survival value (Briefer, 2012; Out et al., 2010; Gustafsson et al., 2013; Lindova et 100 al., 2015) . It is well established that human caregivers demonstrate fine perception of 101 information coded in babies' cries and assess urgency using cry's dynamic cues by reacting 102 more promptly to louder, higher-pitched and less voiced cries (Briefer, 2012; Out et al., 2010; 103 Gustafsson et al., 2013; Lindova et al., 2015; Reby et al., 2016) . Despite the importance of 104 graded coding in communicating distress levels, most previous studies investigating 105 categorize distress vocalizations against other emotional signals (Lindova et al., 2015) . 107
Chimpanzee Pan troglodytes and bonobo Pan paniscus are the closest living relatives 108 to humans (Prüfer et al., 2012) , and mothers of both ape species offspring respond to their 109 offspring's vocalizations by bringing assistance (Goodall, 1986; Bermejo & Omedes, 1999) . 110
The auditory channel plays an important role in mother-offspring communication in forest 111 habitats, especially when infants gain in independence and make more exploratory trips away 112 from their mother (Goodall, 1986) . As human babies' cries, ape infant distress calls contain 113 dynamic cues which vary with the level of distress, as well as static cues to individual identity 114 that may allow recognition by the mother (Levréro & Mathevon, 2013) . While human and 115 non-human ape infant crying clearly share many similarities, to our knowledge the acoustic 116 structure of distress vocalizations of human and non-human ape infants has never been 117 directly compared, and how human listeners perceive distress in the infants' calls of their 118 closest relatives remains to be investigated. The present study thus represents an opportunity 119 to test our spontaneous ability to perceive the emotional content of other species' 120 vocalizations. 121
Here we investigated how human adult listeners rate the level of distress expressed in 122 infants' distress calls of human and non-human ape (bonobo and chimpanzee). We compared 123 the acoustic structure of distress vocalisations, and performed psychoacoustic tests on human 124 adult listeners. We predicted that interspecific pitch differences (bonobo calls are noticeably 125 higher-pitched than chimpanzee and human vocalizations (de Waal, 1988) 
METHODS
129
Sound signals 130
Human babies' cries ( Uganda) habituated to humans since 1991 for ecotourism (Johns, 1996) . Because they are 155 wild animals, their exact age is not known but all were under 4 year-old and have been seen 156 carried by their mother. From the recordings, we isolated 12 sequences lasting 6-8 seconds (1-157 3 sequences/individual). 158
For both apes, the contexts of recordings went from begging the mother for assistance 159 in the absence of any visible danger (N = 5 recordings for bonobos, N = 5 recordings for 160 chimpanzees) to calling for being picked up when infants were involved in aggressive 161 interactions (N = 5 for bonobos, N = 2 for chimpanzees). The context of remaining recordings 162 was unclear but always characterized by an infant soliciting the mother. For practical and 163 ethical reasons, it was not possible to quantify objectively the emotional state of ape babies 164 through physiological measurements (e.g. heart rate, Briefer et al. 2015) . It was thus not 165 possible to reliably and objectively estimate the arousal intensity expressed by their 166 vocalizations. For the purpose of the present study, we thus chose to not attribute any a priori 167 arousal value to any of the recordings. However, given the conditions in which recordings 168 recording contexts, we assume that our recordings represent a fair distribution of arousal 170 levels coded by ape babies' distress calls. 171
172
Acoustic analysis 173
We characterized the acoustic structure of the 48 selected sequences using a set of 15 174 temporal and spectral parameters. We performed acoustic analyses using a dedicated batch-175 processing script in PRAAT (Boersma & Weenink, 2015) , which contained four distinct 176 procedures. 177
The first procedure of the script characterized the pitch and its intonation (pitch 178 contour variation) of the vocalizations. The pitch contour was extracted using the To Pitch(cc) 179 command, and the following parameters were derived: %voiced (percentage of the signal that 180 is characterized by a detectable pitch), mean pitch, max pitch, min pitch (respectively the 181 mean, maximum and minimum pitch calculated over the duration of the signal) and pitchCV 182 (coefficient of variation of the pitch over the duration of the signal). In a second step, two and chimpanzee-vocalizations can be strongly nasalized, and/or can contain biphonation 204 phenomena (Soltis, 2004; Riede et al., 2004 ) that can create resonance-independent 205 broadband components, the measured spectral peaks cannot be safely considered as accurate 206 measure of formant frequencies and are therefore termed spectral prominences. 207
To illustrate differences between categories of emitters (human -bath and vaccine 208 contexts-, bonobo and chimpanzee), we first performed a multivariate principal component 209 analysis (PCA) to reduce the 15 non-independent acoustic parameters described above into 210 two independent Acoustic Dimension (AD1 and AD2). We further used linear regression 211 models (LM; package lme4, R version 3.1.2) with AD1 and AD2 as dependent measures 212 (fixed effect: category of emitters). Post-hoc multiple comparison tests (Tukey contrasts, R 213 package multcomp) were used to compare between categories of emitters. 214
215
Psychoacoustic experiments on human listeners 216
Twenty-one women and nine men (30 ± 14 years old, min = 18, max = 64), recruited through 217 personal requests, took part in the study. Each of these participants had no previous 218 experience with bonobos or chimpanzees, but all had previous experience with human infants. 219
Each participant was tested alone in a quiet room. After being given brief instructions, 220 he/she listened to the sound stimuli through headphones (Sennheiser HD 201 Closed Back 221
Headphones) connected to a laptop computer using the Experiment Multiple Forced Choice 222 Tool in PRAAT software, and was asked to rate a succession of sound stimuli (human baby, 223 bonobo infant and chimpanzee infant cries/calls). Participants entered each rating by clicking 224 on the chosen button on the screen, then they could either confirm their choice ("OK" button), 225 replay the sound ("REPLAY" button) or change their rating ("OOPS" button). The playback 226 test was conducted as a double-blind experiment. 227
Participants were asked to rate the distress expressed by the stimuli according its level 228 of arousal. As distress varies in arousal from anxiety to panic fear (Goudbeek & Scherer 229 (2010) , the rating scale proposed to the participants was a Likert scale ranging from 1 to 7, 230 with: 1 = no anxiety, 2-3 = anxiety, 4 = medium fear, 5-6 = strong fear, 7 = panic/fear. 231
Participants were tested with the entire collection of stimuli (12 human baby "bath" cries, 12 232 human baby "vaccine" cries, 12 bonobo infant calls, 12 chimpanzee infant calls; duration of 233 Participants were blind as to whether they were listening to a human, a chimpanzee, or a 235 bonobo infant vocalization. 236 237
Ethical statement 238
Research methods were approved by the ethic committee of the CHU of Saint-Etienne 239 (IRBN672015/CHUSTE) and the CNIL committee of the university of Saint-Etienne. 240
Informed consent was obtained from all adult subjects. 241 242
Statistical analysis of psychoacoustic experiments 243
To test for the influence of the vocalizations' acoustic features on human listeners' 244 ratings, we used linear mixed effect models with rating level by listeners as a dependent 245 measure. We built two separate models. In the first one, the acoustic variables were the 246 vocalizations' two first dimensions defined by the Principal Component Analysis described 247 above (fixed effects: acoustic dimensions, listener's gender; random effects: listener identity, 248 acoustic stimulus; package lme4, R version 3. and acoustic dimensions had a significant effect on listeners' ratings in the present study. We 253 therefore pooled male and female listeners in the subsequent analysis. In the second model, 254 the acoustic variables were the 15 temporal and spectral features (fixed effect: acoustic 255 variable; random effects: listener identity, acoustic stimulus). All models had a maximal 256 random effects structure, with random slopes within the listener's identity for each acoustic 257 parameter (Barr et al., 2013) . P values were obtained with likelihood-ratio tests comparing the 258 fit of full models with reduced models lacking the fixed effect. 259
To test for the influence of the origin of recordings (i.e., bonobo, chimpanzee, human 260 "bath", human "vaccine") on listeners' ratings, we used a linear mixed effect model with 261 rating level as a dependent measure (fixed effects: recorded condition; random effects: 262 listener identity, acoustic stimulus). The recorded condition was included as a random slope 263 within the listener's identity. P values were obtained with likelihood-ratio tests comparing the 264 fit of full models with reduced models lacking the fixed effect. This analysis was followed by 265 post-hoc multiple comparison tests (function glht in multcomp R package). 266
267
RESULTS
268
Acoustic characteristics of vocalizations 269
The principal component analysis performed on the 15 acoustic variables characterizing the 270 acoustic structure of calls highlighted significant differences between species and recording 271 conditions (Fig.2, N (Table 3) . 285
286
Assessment of calls' emotion content by human listeners 287
When rating vocalizations, listeners relied mainly on the first dimension defining the acoustic 288 space of vocalizations (AD1, see above), while neither the second dimension (AD2) nor the 289 interaction between AD1 and AD2 were significant predictors of the rating (Table 4) . In 290 accordance with this result we found that mean pitch, the most prominent acoustic parameter 291 weighting on AD1 (Table 2) , represents also the most prominent predictor of listeners' rating 292 of fear (Table 4) . Neither listener's gender not the interactions between listener's gender and 293 AD1 or AD2 were significant predictors of the rating (Table 4) . 294 influenced the participants' rating (GLM: χ 2 = 42.5, df = 3, P < 0.001). Specifically, bonobo 296 calls were rated as expressing higher distress than chimpanzee calls (rating of bonobo calls: 297 mean ± SD = 5.32 ± 0.94; rating of chimpanzee calls = 3.79 ± 1.16; multiple comparisons test: 298 Z = -5.00, P < 0.001) and than human baby cries (rating of "bath" cries = 2.92 ± 0.79; 299 comparison with bonobo calls: Z = -7.63, P < 0.001; rating of "vaccine" cries = 4.06 ± 0.99; 300 comparison with bonobo calls: Z = -3.91, P < 0.001). Human baby "vaccine" cries were also 301 rated as expressing higher distress than human baby "bath" cries (Z = 3.58, P = 0.0019). 302
Conversely, the rating of human baby "vaccine" cries was not significantly different from the 303 chimpanzee calls' rating (Z = 0.856, P = 0.827), while the rating of human baby "bath" cries 304 and chimpanzee calls were significantly different (Z = -2.63, P = 0.043). 305
As a result, human listeners rated the distress level of human babies' cries according to 306 their mean pitch with the highest pitch rated as the more distressful, and apply the same 307 scaling rule to ape distress calls (Fig. 3) . 308
309
DISCUSSION
310
The main aim of this study was to contrast how human listeners rate human's and apes' infant 311 distress vocalizations. We showed that calls of the three species differ on the basis of their 312 acoustic structure. Psycho-acoustic experiments demonstrated that human listeners rely 313 mainly on pitch to assess the level of distress, with higher pitched vocalizations rated as more 314 distressful. Using this rule, human listeners were able to range human babies' cries from low 315 to high arousal, while bonobo calls were all classified as expressing high levels of distress. 316 Yet, bonobo calls had been recorded in different contexts eliciting various levels of stress. 317
Chimpanzee calls -which are lower pitched than bonobos' -were classified as expressing less 318 distress although they were recorded in contexts associated with similar stress levels. 319
Although the absence of objective assessment of the distress level experienced by the primate 320 infants during our recordings (discussed further below) limits our ability to attribute acoustic 321 variability and listeners' ratings to specific distress levels, the results reveal that the ability of 322 non-expert human listeners to spontaneously range the emotional content of apes' 323 vocalizations may be rather limited. 324
Infant vocalizations differ between species 326
significantly differ by their acoustic features, with both species and level of stress as 328 modulating factors. Adult bonobos are well-known for their high pitched vocalizations (de 329 Waal, 1988) , and our analysis shows that bonobo infant calls are in line with adult calls: the 330 recordings we used were characterized by a very high pitch, mostly out of the range of the 331 human babies' cries. The pitch of chimpanzees' recordings was lower, and closer to the one of 332 human babies. However and quite interestingly, non-human apes' distress vocalizations were 333 more similar to each other than to the human babies' cries within the 2D acoustic space 334 defined by the two first principal components: this acoustic proximity may reflect the 335 anatomical proximity of the vocal apparatus between this two very closely related species 336 (Lieberman et al., 1972) . A previous study has demonstrated that phylogenetic trees 337 reconstructed from the acoustic features of vocalizations associated with laughter -another 338 emotional signal expressing a positive emotional valence-do match the trees based on 339 genetics (Ross et al., 2009 ). Although we did not conduct such an analysis with our 340 recordings, the acoustic proximity we observed between bonobos and chimpanzees ( Fig.2)  341 supports the possibility that infant distress calls may also express a phylogenetic continuity 342 within apes and with the human species. 343
Previous studies of mammal distress vocalizations have emphasized a general trend 344 for distress coding that is characterized by sound pitch increasing with arousal (Briefer, 2012; 345 Zimmermann et al., 2013; Linhart et al., 2015) . As underlined by Maruscakova et al. (2015) , 346 this general rule supports theories of shared emotional systems across mammalian species 347 (Darwin, 1872; Morton, 1977) . Assessing the pitch of a sound is a relatively straightforward 348 process that allows categorizing signals according both their valence (positive versus 349 negative) and intensity or arousal (Briefer, 2012) . Human listeners thus assess the emotional 350 intensity of both human verbal and non-verbal sound signals using their pitch (Porter et al., 351 1986; Laukka et al., 2005; Sauter et al., 2010) , and use this "pitch-rule" to rate the emotional 352 content of vocalizations from other mammal species with reasonable accuracy (e.g. piglet's 353 calls, Maruscakova et al., 2015; dogs' calls, Farago et al., 2014; cats' solicitation purrs, 354 McComb et al., 2009) Following this "pitch rule" (Maruscakova et al., 2015) , human listeners rated bonobo and 362 chimpanzee infant calls accordingly to their mean pitch level. As a consequence bonobo calls 363 were rated as expressing very high level of distress compared to both human baby and 364 chimpanzee calls. Even though it was not possible to objectively assess the actual distress 365 experienced by these infants in the present study (preventing us from investigating potential 366 correlations between the pitch of bonobo calls and distress), this homogeneous rating by 367 human listeners is unlikely to reflect an actual interspecific difference in the level of distress 368 experienced by infants. Indeed, bonobo infants were recorded in contexts likely to elicit a 369 range of stress levels, and chimpanzee infants' vocalizations recorded in similar contexts were 370 not rated as expressing as much distress as bonobos' calls. Finally, human listeners classified 371 chimpanzee calls at the same level as human babies' vaccine-elicited cries. 372
Previous studies have indicated that human listeners could make errors in assessing 373 the emotional content of other species' vocalizations. For instance, human listeners attribute 374 an emotional valence to tree shrew calls that is opposite to the actual valence (Scheumann et 375 al., 2014) . This result was attributed to the lack of familiarity of humans with this mammal 376 species. This error could also be linked to the fact that the acoustic characteristics -and 377 specifically the pitch-of the tree shrew vocalizations are well out of the range of human 378 vocalizations. In their study, Lingle & Riede (2014) showed that female deer only recognize 379 distress coded in heterospecific vocalizations if their mean pitch is manipulated to fall within 380 the frequency range characterizing their own offspring' distress calls. We predict that shifting 381 the frequency of bonobo calls downwards would lead to more realistic assessments by human 382
listeners. 383
Finally, our analysis suggests that the relationship between emotions and their 384 expression through vocalizations does not solely involve pitch levels and that other 385 parameters related to sound periodicity (harm, jitter, shimmer) and dynamics of amplitude 386 modulation (intCV) are likely to co-vary with distress levels. Bonobo and chimpanzee adults 387 may pay attention to some of these other acoustic features to decode the distress level 388 embedded in their infants' calls. In a recent study of piglet calls, Linhart et al. (2015) 389 emphasized that different acoustic features encode arousal in two different call types (the 390 scream and the grunt). While the pitch appears as a generally widely shared parameter used 391 by listeners to decode distress, its actual reliability may be limited and other parameters may 392
al., 2015). 394 395
Limitations and perspectives 396
A limitation of the present study is the absence of objective assessment of the distress 397 level experienced by the bonobo and chimpanzee infants during the recording of their 398 vocalizations. To establish if these two species encode distress according to a pitch scale rule, 399 it would be necessary to perform a physiological assessment of stress, such as measure of 400 heart rate or assessment of cortisol levels. Moreover, we cannot ascertain that the recordings 401 from chimpanzees and bonobos cover the same range of distress levels with similar 402 weightings. However, our recordings represent a range of contexts likely to represent a 403 diversity of distress levels in both non-human primates. Although we did not measure 404 physiological indicators in human babies, we believe that it is reasonable to consider that the 405 two conditions (bathing and vaccination) elicit categorically different levels of distress and 406 arousal, as one condition is mildly unpleasant and common, while the other is both painful 407 and uncommon. 408
Our results indicate that human listeners attributed more variable ratings (spanning 409 more widely across the scale - Fig.3 ) to human baby calls. While this may indicate that the 410 distress levels experienced by the human babies were more varied that those experienced by 411 the non-human primates during our recordings, this may also reflect limitation in human 412 listeners' ability to perceive and interpret variability in unfamiliar heterospecific signals. 413 An interesting area for further studies would be to investigate the effect of familiarity 414 on human listeners' ability to rate bonobo and chimpanzee calls. In the present study, human 415 subjects were familiar to human babies but had no previous experience of either bonobos or 416 chimpanzees. It is well established that experience can affect the perception of human babies' 417 cries (e.g. caregivers spending more time with their baby become more efficient in 418 recognizing her/him from her/his cries alone, Gustafsson et al., 2013) . It is therefore possible 419 that familiarity with non-human ape vocalisations may increase human listeners' ability to 420 perceive subtle acoustic variation linked to distress intensity, thereby overcoming basic biases 421 Table 4 . Acoustic predictors of listeners' rating. Two separate models were built: the first model had the two acoustic dimensions defined by the Principal Component Analysis (AD1 and AD2) as fixed variables; the second model had the whole set of 15 temporal and spectral parameters (z-transformed) as fixed variables. Listeners' rating was the dependent measure in both models. P values were obtained with likelihood-ratio tests comparing the fit of full models with reduced models lacking the fixed effect. The table presents raw P values; the significant predictors after Bonferroni correction are shown in bold. Each dot represents a single recording. The acoustic structure of calls was first described using 15 parameters in the frequency and temporal domains, and further reduced using a principal component analysis into two independent Acoustic Dimensions (AD1 and AD2). The first axis of the acoustic space (AD1) is mainly related to both the pitch and the periodic quality of the signal. The second axis of the acoustic space (AD2) is mainly related to the distribution of the energy among the frequency spectrum. Blue dots = human baby cries ("bath" and "vaccine" cries are not distinguished here); yellow dots = chimpanzee infant calls; red = bonobo infant calls. Solid curves represent fits (y = log(mean pitch)) of the estimated marginal means ± SE (black curve: all three species confounded).
